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If the fundamental planck scale is near a TeV, then parton collisions with high enough center-of-
mass energy should produce black holes. The production rate for such black holes at LHC has been
extensively studied for the case of a proton-proton collision. In this paper, we extend this analysis
to a lead-lead collision at LHC. We find that the cross section for small black holes which may in
principle be produced in such a collision is either enhanced or suppressed, depending upon the black
hole mass. For example, for black holes with a mass around 3 TeV we find that the differential black
hole production cross section, dσ/dM , in a typical lead-lead collision is up to 90 times larger than
that for black holes produced in a typical proton-proton collision. We also discuss the cross-sections
for ‘string ball’ production in these collisions. For string balls of mass about 1 (2) TeV, we find that
the differential production cross section in a typical lead-lead collision may be enhanced by a factor
up to 3300 (850) times that of a proton-proton collision at LHC.
PACS: 11.10.Kk, 04.70.Dy, 13.85.Qk, 14.80.-j
I. INTRODUCTION
It is now generally accepted that the scale of quantum
gravity could be as low as a TeV [1]. If this is true, then
we stand on the threshold of an exciting revolution in
our understanding of quantum gravity and perhaps even
string theory. One of the most exciting aspects of this
revolution will be the production of black holes in particle
accelerators. These ‘brane-world’ black holes will be our
first window into the extra dimensions of space predicted
by string theory, and required by the several brane-world
scenarios that provide for a low energy planck scale [1].
While the exact metrics describing black holes in brane-
world scenarios are still largely unknown, considerable
work on this issue is underway [2]. Furthermore, even
without the exact metrics it is of course possible to make
estimates based on crude information. In particular, it
is well-understood that when the mass of the black hole
is greater than the planck scale, the gravitational field of
the brane can be neglected; furthermore, as long as the
size of the black hole is small compared to the charac-
teristic length scales, then a brane-world black hole may
be regarded, to very good approximation, as simply a
higher-dimensional black hole in flat space. Using these
approximations, in a number of recent papers people
have studied the production of microscopic black holes
in proton-proton (pp) collisions and cosmic ray events
[3,4,5,6,7,8,9,10,11,12,13], [14,15,16].
The principle aim of this paper is to extend the analy-
sis of black hole production to include collisions involving
heavy nuclei, such as lead or gold at very high energy.
We also estimate the string ball production cross section
both at a pp and PbPb collision at LHC. String balls
are lighter than black holes and hence they should be
produced in larger amounts at LHC.
At present RHIC (relativistic heavy-ion colliders) at
BNL collide two gold nuclei (to produce the ‘quark-gluon
plasma’ [17]) at
√
s
NN
= 200 GeV, which is insufficient
to create any black hole of TeV scale mass. This is be-
cause to create a black hole of mass mB the minimum
center of mass energy of two colliding partons must be
greater than mB which is not the case at the RHIC en-
ergy. However, in future LHC will collide two lead nuclei
at
√
s
NN
= 5.5 TeV. The total center of mass energy of
this system is 5.5×208 = 1144 TeV which is much larger
than the 14 TeV at a pp collision at LHC. Hence, it is
expected that many more black holes of mass less than
5.5 TeV will be produced in a Pb-Pb collision than in a
pp collision.
Intuitively, this looks straightforward: A proton is a
collection of partons, i.e., quarks and gluons. At high
enough energy, a pp collision may cause some of the par-
tons to have a high enough center-of-mass energy to form
a black hole. Lead (at rest) consists of many protons and
neutrons, and therefore at high energy collisions this sys-
tem is just a larger aggregate of partons. Thus, we would
expect to produce more small black holes in a lead-lead
collision at
√
s
NN
= 5.5 TeV at LHC. An interesting fea-
ture of a PbPb collision is that the string ball production
is much more dominant than that in a pp collision.
Of course, one should address one point here: As the
energy of the colliding partons is increased, the size of
the black hole which is created may become large and
it may absorb nearby partons. For a typical black hole
formed at LHC (M ∼ TeV) the rate at which the black
hole can absorb nearby partons depends on the energy
1
density of the quarks and gluons at LHC. The typical
energy density of the quarks and gluons formed in PbPb
collisions at LHC is of the order of 1000 GeV/fm3 [21].
It follows that the absorption is not very large for a TeV
scale black hole at LHC [22]. This is because the rate of
evaporation for a TeV scale black hole is very large [23].
In PbPb collisions at LHC the evaporation rate of a black
hole is much larger than the absorption rate, and hence a
black hole will evaporate nearly instantaneously after its
formation. In order for the black hole mass to be stable
against decay, the energy density of the partons has to
be very much larger than the achievable energy density
of the partons at LHC. These issues will be addressed
elsewhere [22].
II. BLACK HOLE AND STRING BALL
PRODUCTION IN PP AND PBPB COLLISIONS
The black hole (string ball) production cross section
σBH(σSB) at high energy hadronic collisions at zero im-
pact parameter is given by [4]:
dσ
AB→BH(SB)+X
BH (s)
dM2
=
∑
ab
∫ 1
τ
dxa
∫ 1
τ/xa
dxbfa/A(xa, Q
2)
fb/B(xb, Q
2)σˆab→BH(SB)(sˆ) δ(sˆ−M2). (1)
In the above expression xa(xb) is the longitudinal mo-
mentum fraction of the parton inside the hadron A(B)
and τ = M
2
s , with
√
s being the NN center of mass
energy. Energy-mometum conservation implies sˆ =
xaxbs = M
2, where M is the mass of the black hole
or string ball. Using the above relation we get:
σ
AB→BH(SB)+X
BH (s) =
∑
ab
1
s
∫
M2>M2
min
dM2
∫ 1
τ
dxa
xa
fa/A(xa, Q
2)fb/B(τ/xa, Q
2)σˆab→BH(SB)(sˆ). (2)
Q2 = M2 is the scale at which the parton distribution
function is measured. Mmin is the minimum mass of the
black hole (string ball) above which the total cross sec-
tion is computed.
∑
ab represents sum over all partonic
combinations [5]. The black hole (string ball) production
cross sections in a binary partonic collision are given by
[4,18]
σˆab→BH(sˆ) =
1
M2P
[
MBH
MP
(
8Γ(n+32 )
n+ 2
)]2/(n+1)
σˆab→SB(sˆ) =
1
M2s
for Ms/gs < MSB < Ms/g
2
s
σˆab→SB(sˆ) =
g2sM
2
SB
M4s
for Ms < MSB < Ms/gs (3)
where gs is the string coupling strength, and
Ms,MP ,MSB andMBH are the string mass scale, Planck
mass scale, string ball mass and black hole mass respec-
tively. n denotes the number of extra spatial dimensions.
For nuclear collisions at very high energy the calcula-
tion is similar to that of the minijet production in AA
collisions at RHIC and LHC [20]. The parton distribu-
tion function inside a large nucleus is given by:
Ra/A(xa, Q
2) =
fa/A(xa, Q
2)
Afa/N (xa, Q2)
(4)
where fa/A(xa, Q
2) and fa/N (xa, Q
2) are the parton dis-
tribution functions inside the free nucleus and free nu-
cleon respectively. The NMC and EMC experiments
show that Ra/A(xa, Q
2) 6= 1 for all values of x. In fact
there is a strong shadowing effect (Ra/A(xa, Q
2) < 1)
for much smaller values of x (x << 0.01). However,
for black hole (string ball) production the shadowing ef-
fects should not be important. This is because we as-
sume a minimum mass for the black hole (string ball)
∼ 1 TeV, and we probe the minimum value of x at
xmin = M
2/s = 1(5.5×5.5) =0.033 where there are no
shadowing effects. Also the present parametrizations
[24,25] for the ratio function RA(x,Q
2) do not cover
the Q2 range up to 1 TeV 2. For this reason we will
consider the unshadowed parton distribution function
RA(x,Q
2) = 1 in this paper, as there is no shadowing for
xmin=0.033 at the TeV mass scale domain of black hole
(string ball) production. One also does not have to worry
about the saturation of parton distribution functions in
PbPb collisions at LHC. This is because saturation hap-
pens at a very low value of x (equivalent to Q ∼ 2 GeV
at
√
s
NN
= 5.5 TeV PbPb collisions [26]) which is much
less than our minimum value xmin =0.033. Hence for
black hole (or string ball) production of TeV mass scale
one does not need to worry about both shadowing and
saturation at LHC.
III. BLACK HOLE AND STRING BALL
PRODUCTION CROSS-SECTIONS AT LHC: A
COMPARISON WITH PP COLLISIONS
In this section we compute the cross sections for black
hole (string ball) production at LHC for a PbPb and pp
collision. We use the recent parton distribution function
set CTEQ6M [27] in our calculation which is the more
advanced version of CTEQ5 [28]. The scale Q at which
the parton distribution is determined in our study lies
within the allowed range for this PDF set. For black
hole production we take n = 4 throughout our calcula-
tion. The dependence of cross section on n is very weak
[4]. In Fig. 1a we present the differential cross section
for black hole production in a pp collision and in Fig. 1b
we present the corresponding results for a PbPb collision
at LHC. Clearly, the cross section for black hole produc-
tion at lower mass is much enhanced in a PbPb collision
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over that in a pp collision: The differential cross section
is approximately 3300 (90) times larger for black holes of
mass 1 (3) TeV. Of course, the GR approximation fails
at a mass scale that is typically larger than the planck
scale, since the minimum mass at which a black hole can
be treated general-relativistically is around Ms/g
2
s , and
in order to trust perturbative string theory the string
coupling must be less than 1. Thus, it is unclear that it
even makes sense to talk about black holes with a mass
scale right at the string scale of 1 TeV, unless of course
we are actually at strong coupling - a point to which we
shall return in the conclusions.
On the other hand, the cross section is much smaller
for higher mass black hole production in PbPb collisions
because the maximum center of mass energy available in
a binary parton collision is 5.5 TeV. As a pp collision is
at 14 TeV c.m. energy, more larger mass black holes are
produced at this experiment. If one is trying to produce
black holes with masses ∼ 5 TeV then pp collisions at
LHC constitute a good black hole production factory.
In string theory, it is now well-understood [18] that
in the lower mass range it does not make sense to talk
about black holes, but instead we encounter new and ex-
otic objects known as ‘string balls’. Crudely, these are
highly excited, long strings which decay through evapo-
ration at the Hagedorn temperature. We will present the
results for the string ball production cross section using
eq. (1) along with the second and third expressions of eq.
(3). In Fig. 2a(2b) we present the differential cross sec-
tions for string ball production for pp (PbPb) colliisons
at LHC. We have choosen gs =0.3 in our calculations. In
Fig. 2 the upper(middle(lower)) line corresponds toMs=
1(2(3)) TeV respectively. For any other values of g2s our
results can be multiplied by an appropriate factor which
is evident from third expression of eq. (3). It should
be mentioned that for weak string coupling gs << 1 the
string ball production cross section decreases and there is
no black hole production as is evident from the fact that
more black holes are produced in the strong coupling
limit. We also note that the differential cross section
for string ball production is approximately 3300, 850, 90
times larger for string balls of mass 1, 2, 3 TeV respec-
tively in a PbPb collision than in a pp collision at LHC.
The ratio of the differential cross sections for black hole
production in a PbPb collision to that in a pp collision at
LHC is the same as that of string ball production. This
is plotted in Fig. 3a as a function of string ball (black
hole) mass. Finally we predict the total cross section
from Eq. (2) by doing a monte carlo integration. We
find that the cross sections are about 14, resp. 28000
(nb), in a pp, resp. PbPb, collision which produces at
least 1 TeV black holes. In Fig. 3b we present the total
black hole production cross section in pp and PbPb col-
lisions at LHC above different values of minimum black
hole mass with MP = 1 TeV. Note that the σ
PbPb we
obtain here is not simply equal to A2 times σpp, since
the PbPb collisions are at
√
s
NN
= 5.5 TeV, whereas the
pp collisions are at
√
s
NN
= 14 TeV.
IV. CONCLUSION
If the fundamental planck scale is near a TeV, then
parton collisions with high enough center-of-mass energy
should produce black holes and string balls. Black hole
production in pp a collision at LHC has been extensively
studied in the literature. In this paper we have calculated
the cross sections for black hole and string ball produc-
tion at LHC in a PbPb collision at
√
s
NN
= 5.5 TeV.
We have also computed the string ball production cross
section for a pp collision at
√
s
NN
= 14 TeV at LHC.
We find that the cross section of small black holes which
may in principle be produced in such collisions is either
enhanced or suppressed, depending upon the black hole
mass. For example, for black holes with a mass around
3 TeV we find that a typical lead-lead collision may pro-
duce up to 90 times the dσ/dM of such black holes that
would be produced in a typical proton-proton collision.
For string balls of mass about 1, 2, 3 TeV we find that a
typical lead-lead collision may produce up to 3300, 850,
90 times the dσ/dM of such string balls that would be
produced in a proton-proton collisions at LHC.
The key mass scale in this story is the minimum mass,
Ms/g
2
s , at which it makes sense to talk about a black
hole, and at which we see the transition to string balls.
Obviously, this mass scale depends explicitly upon the
string coupling. Furthermore, it has the intriguing prop-
erty that we lower the mass scale for black holes as we
run to stronger coupling. This is particularly interesting
from the vantage point of recent ideas which are emerging
in string cosmology. In particular, it has been suggested
that several problems, including even the famous cosmo-
logical constant problem, may be resolved in scenarios
where the dilaton or string coupling runs to infinity [19].
In such a scenario, it is clear that the string ball picture
must break down, since we are in the strongly coupled
regime or ‘M-theory’. Indeed, if string theory is strongly
coupled, the window for string balls presumably disap-
pears, and all massive ‘string’ states will be black holes.
This means that it may be possible to place strong ex-
perimental contraints on these cosmological models with
a runaway dilaton, if we do not see black holes in col-
lider experiments. Research on this and related issues is
currently underway.
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FIG. 1a: The differential cross section for black
hole production dσ/dMBH in a pp collision at
√
s
NN
= 14 TeV at LHC.
FIG. 1b: The differential cross section for black
hole production dσ/dMBH in a PbPb collision at
√
s
NN
= 5.5 TeV at LHC.
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FIG. 2a: The differential cross section for string
ball production dσ/dMSB in a pp collision at
√
s
NN
= 14 TeV at LHC. Three curves corre-
sponds to three different values of Ms used, as
discussed in the text. gs = 0.3 used in the calcu-
lation
FIG. 2b: The differential cross section for string
ball production dσ/dMSB in a PbPb collision at
√
s
NN
= 5.5 TeV at LHC. Other parameters are
same as in FIG. 2a.
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FIG. 3b: The total cross section for black hole
production in a PP collision at
√
s
NN
= 14 TeV
at LHC and in a PbPb collision at
√
s
NN
= 5.5
TeV at LHC
6
